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An optical tweezer composed of a strongly focused single-spatial-mode Gaussian beam of a red-
detuned 1064-nm laser can confine a single-cesium (Cs) atom at the strongest point of the light
intensity. We can use this for coherent manipulation of single-quantum bits and single-photon
sources. The trapping lifetime of the atoms in the optical tweezers is very short due to the impact
of the background atoms, the laser intensity fluctuation of optical tweezer and the residual thermal
motion of the atoms. In this paper, we analyzed the influence of the background pressure, the
trap frequency of optical tweezers and the parametric heating of the optical tweezer on the atomic
trapping lifetime. Combined with the external feedback loop based on an acousto-optical modulator
(AOM), the intensity fluctuation of the 1064-nm laser in the time domain was suppressed from ±
3.360% to ± 0.064%, and the suppression bandwidth reached approximately 33 kHz. The trapping
lifetime of a single Cs atom in the microscopic optical tweezer was extended from 4.04 s to 6.34 s.
I. INTRODUCTION
The physical implementation of a single-photon source
has important application value in the fundamental re-
search of quantum optics and linear quantum computa-
tion, especially the controllable triggered single-photon
source as its core quantum source. Generally, one can
generate single-photons via single atom, single molecule,
single ion, single quantum dots or parametric down-
conversion. Compared with the said ways, single atoms
have advantages of narrowband, matching atom tran-
sition lines and weak coupling of neutral ground-state
atoms with background light and external electromag-
netic fields. single atom source based on the captured
single atom in an optical tweezer[1–3] paves the way for
quantum repeaters, quantum teleportation, quantum se-
cure communications and linear quantum computing. In
1975, Hansch and Schawlow first put forward the use of
the laser to cool neutral atoms [4]. In 1987, the research
group led by Steven Chu cooled and captured neutral
Sodium atoms with magnetic optical trap (MOT) for
the first time [5]. In 1994, Kimbles team first achieved
the cooling and capture of a single atom [6]. In 2016,
Browaeys group constructed a two-dimensional atom ar-
ray composed of 50 single atoms trapped in optical tweez-
ers [7]. In 2018, Browaeys group constructed a three-
dimensional atom array composed of 72 single atoms
trapped in optical tweezers, optionally manipulating the
spatial position of each atom [8]. In our system, we
have already captured [2, 9] and transferred [10, 11] sin-
gle atoms to optical tweezer efficiently, built cesium (Cs)
magic-wavelength optical dipole trap [2, 3], and finally
achieved triggered single-photon source at 852 nm based
on single atom manipulation [3, 12].
∗ wwjjmm@sxu.edu.cn
When manipulating the single atoms in the optical
tweezers, it is required that the atoms be captured we
must capture all the atoms in the tweezers before finish-
ing all the operations. Therefore, it is important to pro-
long the trapping lifetime of atoms in the optical tweezer,
to improve the experimental efficiency and the experi-
mental accuracy.
The trapping lifetime of atom in the optical tweezer
is limited by lots of factors such as recoil heating, laser
intensity fluctuation, the vacuum degree of atomic va-
por cell, laser beam pointing stability and the residual
atom thermal motion. One can suppress the laser inten-
sity fluctuation [13], improve background vacuum degree,
improve the laser pointing stability, increase the laser
power and adopt the polarization gradient cooling [14]
to prolong the trapping lifetime of a single atom in the
optical tweezer. In this work, we discussed the influence
of the vacuum degree and the light intensity fluctuation
of 1064-nm optical tweezer on atom trapping lifetime and
the experimental methods of improving the fluctuation of
the laser intensity.
Generally, one can suppress the laser intensity fluc-
tuation with optical mode cleaner [15], optical injection
locking [16] or acousto-optical modulator (AOM) feed-
back [13, 17]. Thanks to its flexibility and simplified ex-
perimental setup, the AOM feedback becomes the best
candidate to suppress the laser intensity fluctuation only
by controlling the diffraction efficiency of AOM.
II. SINGLE ATOM MAGNETIC OPTICAL
TRAP
Trapping lifetime of the ground state atoms in the opti-
cal tweezers is limited due to the influence of background
atoms collision, the parametric heating of the optical
tweezer and the residual thermal motion of the atoms.
The individual atom trapped in the optical tweezer will
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2collide with the background atoms in the Cs gas cell. In
this process the single atom gains kinetic energy, heats
up and eventually escapes from the optical tweezer, re-
sulting in the reduction of the atomic trapping lifetime.
In the experiment, we can reduce the collision probability
of induced heating by improving the background vacuum
degree of the cesium atom gas cell and reducing the num-
ber of background atoms. This can extend the trapping
lifetime to some extent.
Since the probe of the thermal ionization gauge in the
vacuum system is far away from the cesium atom gas
cell, the measured vacuum degree may be different from
the actual vacuum degree in the Cs atomic vapor cell.
By measuring the typical time of the magneto-optical
trap (MOT), we can know the pressure level in the Cs
atomic gas cell more accurately. In our scheme, due to
MOT capture the atoms in the cell, it is impossible to
isolate trapped atoms from background atoms. Thus, we
measure and fit the loading curve instead of using release
& recapture to get the typical time of MOT [18]. The
background pressure is related to the atomic density N
in the vapor cell [18]
N =
1
τσ
√
M
3kBT
(1)
where τ is the atomic trapping lifetime in the MOT, σ
is the atomic collision cross-section of Cs, M is the mass
of Cs atom, kB is the Boltzmann constant and T is the
romm temperature, according to the pressure formula
p = NkBT the pressure (p) in the vapor cell is [18]
p =
√
3MkBT
3τσ
(2)
Figure 1 shows the loading curve of the magneto-
optical trap when the cooling laser power of the MOT
is 150 µ W, and the magnetic field gradient is 151.41
Gauss/cm. For atom number N ′(t = 0) = 0 as initial
condition and fitting the curve with N ′(t) = NS(1 −
e−t/τ ) [18], for NS is the steady-state number. The typi-
cal time of the MOT is 5.81 ± 0.14 s, and the pressure in
the cell is about 6 × 10−7 Pa. The temperature of atoms
in the MOT is ∼105 µ K under similar conditions [19].
Adjusting the spatial overlap and temporal overlap of
the MOT and the optical tweezer can transfer the sin-
gle atom between the traps efficiently. The loading rate
of the MOT RL is sensitive to the axial gradient of the
quadrupole magnetic field (dBdZ ), and RL∝(dBdZ ) [19,20].
The smaller the axial gradient of the quadrupole mag-
netic field, the higher the MOT loading rate and the
more captured atoms. Conversely, the longer the mag-
netic field gradient, the lower the MOT loading rate and
the fewer atoms trapped.
Since the loading rate of the MOT is pretty sensitive to
the axial gradient of quadrupole magnetic field, we can
use a trigger loop to control the loading rate of the MOT
automatically. As shown in Figure 2(a), the fluores-
cence photons are collected into the single-photon count-
ing module (SPCM), and the output pulses of SPCM
FIG. 1. Loading curve of the magneto-optical trap (MOT).
The MOT is empty when the quadrupole magnetic field is
turned off. After the quadrupole magnetic field is turned on,
atoms are gradually loaded into the MOT. The typical time
constant of the MOT is 5.81 ± 0.14 s, and the corresponding
pressure in the Cs vapor cell is approximately 6 × 107 Pa.
enter the pulse counter. Then we can set the output
voltage of the pulse counter for different circumstances
that represents the atom numbers in the MOT. The out-
put voltage of the pulse counter enters the quadrupole
magnetic field power supply (Model SM 70-22, DELTA,
the Netherland) as control voltage. The output current
of the power supply will change related to the control
voltage, and the quadrupole magnetic field gradient and
the loading rate of the MOT change, too.
Figure 2(b) and Table I show the working principle of
the trigger loop. When there is only one atom in the
MOT, the output voltage of the pulse counter keeps at
3.8 V, the quadrupole magnetic field gradient stays at
232 Gauss/cm. When there is no atom in the MOT, the
output voltage of the pulse counter varies between 1.50
V and 1.79 V and yields the loading rate of the MOT
going up. Under this circumstance, the output current
of the power supply goes down automatically and the
quadrupole magnetic field gradient change between 103
Gauss/cm and 116 Gauss/cm. For multi-atom condi-
tion, the output voltage of the pulse counter rises, and
the loading rate of the MOT descends. On this occa-
sion, the output current of the power supply rises and
the quadrupole magnetic field gradient changes between
273 Gauss/cm and 316 Gauss/cm, and the atom number
in the MOT cuts down.
Figure3 shows the probability of the single atom in the
MOT in the cases of trigger loop off and on respectively.
The power of the 852-nm MOT cooling laser is 150 µ
W, and the power of the 894-nm repumping laser is 50
µW. When the trigger loop is off, the loading rate of the
single atom is merely 28.4%, and the two atoms loading
rate reaches up to 56.8%. The loading rate of single atom
rises to 80.2% when the trigger loop is on, and the multi-
atom rate declines sharply.
We can see in Figure3 that there is still certain photon-
3(a) (b)
FIG. 2. single atom loading trigger loop. (a) Pulse counter adjusts the output voltage according to different photon counts.
We use the output analog voltage to control the output current of power supply and the quadrupole magnetic field gradient.
Keys to (a) single-photon counting module (SPCM); insulated gate bipolar transistor (IGBT); (b) The trigger loop dynamically
changes the loading rate of atoms in the MOT by adjusting the quadrupole magnetic field gradient.
Atom
Numbers
Photon Counts
(Counts/50ms)
Pulse Counter
Analog Output
Voltage (V)
Power Supply
Output Current
(A)
Quadrupole Magnetic
Field Gradient
(Gauss/cm)
-
Lower
Bound
Upper
Bound
Lower
Bound
Upper
Bound
Lower
Bound
Upper
Bound
Lower
Bound
Upper
Bound
0 0 400 1.50 1.79 7.0 7.9 103 116
1 500 600 3.80 3.80 17.3 17.3 232 232
2 601 1500 4.00 4.50 18.6 20.7 273 304
3 1501 2500 4.51 4.70 20.8 21.5 306 316
TABLE I. Pulse counter and power supply parameter setting.
FIG. 3. The loading probability of single atom in the MOT. The trigger loop can suppress the probability of multi-atom in the
MOT and improve the probability of single atom. (a) and (b) When the trigger loop turned off, the loading probability of single
atom in the MOT within 300 s is only 28.4%, and the probability of multiple atom and zero atom is as high as 71.6%, which
is obviously not conducive to the measurement in subsequent experiments. (c) and (d) For the trigger loop on, the probability
of single atom in the MOT increases to 80.2%, while the probability of multi-atom loading is significantly suppressed.
counting while there is no atom in the MOT. This is ude to the cooling and repumping laser beams hitting
4the glass cell’s wall with scattering and reflecting, and
the scattered photons at certain specific angles entering
the fluorescence collection system. Moreover, the back-
ground atoms moving to the MOT laser path will inter-
act with laser and emitted fluorescence photons will enter
the fluorescence collection system, resulting in the gen-
eration of the background photon count. Besides, since
the experimental conditions such as MOT cooling laser
power and ambient temperature cannot be the same in
each experiment, the background photon count in the
MOT cannot be completely consistent but varies within
a certain range.
III. PARAMETRIC HEATING OF ATOMS IN
AN OPTICAL TWEEZER
Atoms in optical tweezers will generate electric dipole
moments under the action of the gradient oscillating elec-
tric field. We can regard these atoms as electric dipoles
interacting with the gradient oscillating external field. As
shown in Figure4 (a) when the electric dipole is driven
by an electric field with a frequency lower than the reso-
nant frequency of atomic transition, due to the effect of
attraction, the atom will be captured in the region with
the strongest electric field. Otherwise, when the electric
dipole is driven by an electric field with a frequency which
higher than the resonant frequency, the atom will be ex-
cluded from the region with the strongest electric field.
In other words, when the frequency of optical tweezer
is red-detuning to the atomic transition frequency con-
cerned, the atoms are captured in the optical tweezer[21].
When the optical tweezer frequency is blue-detuning to
the atomic transition frequency, the atoms will be ex-
cluded from the optical tweezer[22].
Using a focused single-spatial-mode Gaussian beam
with red detuning can form an optical tweezer[23], with
intensity distribution in the axial and radial direction as
follows,
I(r, z) =
2P
piω2(z)
exp[
−2r2
ω2(z)
] (3)
where P is the optical power of the optical tweezer laser
beam, r is the radial component of the Gaussian beam,
and w(z) is the beam’s Gaussian radius at z [23],
w(z) = w0
√
1 +
z2
z2R
(4)
for w0 is the beam’s Gaussian radius, zR is the Rayleigh
length, the axial and radial trap frequencies are ωa =√
2U
Mz2R
and ωr =
√
4U
w20
respectively, and U is the trap
potential depth of the optical tweezer.
The Hamiltonian of single atom in the optical tweezer
is [23]
H =
p2
2M
+
1
2
Mω2tr[1 + ε(t)]x
2 (5)
for M is the mass of the Cs atom, ω2tr = k0/M is the mean
square of trap angular frequency,the elastic coefficient k0
is in direct proportion to the light intensity of optical
tweezer I0, we can write the light intensity fluctuation as
ε(t) = I(t)I0I0 . Here we use the first-order perturbation
theory to clarify how the light intensity fluctuation acts
on the single atom, and take the heating process as the
transformation of the atom from |n〉 at t = 0 to |m 6= n〉
at t = T ′. The average transition probability Rm←n can
express as the power spectral density of the laser intensity
fluctuation Sε(ω) [23]∫ ∞
0
dωSε(ω) =
∫ ∞
0
dνSε(ν) = 〈ε2(t)〉 = ε20 (6)
for ε0 is the mean square of intensity fluctuation and
ω = 2piν.
The average heating rate of atom in the optical tweezer
is [23]
〈E˙〉 =
∑
n
P (n)2~ωtr(Rn+2←n−Rn−2←n) = 1
2
ω2trSε(2ωtr)〈E〉
(7)
where P (n, t) is the probability of the atom stay at |n〉.
For 〈E˙〉 = Γε〈E〉 the constant [23]
Γε =
1
TI(sec)
= pi2ν2trSε(2νtr) (8)
Among others, νtr is the trap angular frequency. Ac-
cording to Equation (8), the heating rate of single atom
in the optical tweezer is related to the trap frequency and
its double frequency of the optical tweezer. For a single
atom in the optical tweezer, it will not only couple with
the fluctuation resonance to the trap frequency of the
tweezer, but also couple with the double-frequency more
intensely. Ultimately, this heating mechanism makes the
atom escaping from the optical tweezer. People call the
process of converting the energy of the double frequency
trap into the energy of the fundamental frequency trap
as the parametric process. The heating effect of the in-
tensity fluctuation of the laser on the single atom in the
optical tweezer is the process of parametric heating.
IV. PARAMETRIC HEATING OF ATOMS IN
AN OPTICAL TWEEZEMEASUREMENT OF
TRAP FREQUENCY OF OPTICAL TWEEZER
The output power of the 1064-nm laser (DBR-1064P,
Thorlabs, USA) and Ytterbium-doped fiber amplifier
(YDFA) system is up to 2 W. The 1064-nm laser beam
passes a lens focal length of 100 mm to form a parallel
beam with a diameter of 1819 mm. Then the parallel
beam goes through a lens assembly with a focal length of
36 mm and a numerical aperture of NA = 0.29 to form
the optical tweezers. Figure 4 (b) shows the measure-
ment of the beam waist radius and M2z factor of 1064
5(a) (b)
FIG. 4. Scheme of optical tweezer. (a) A strongly focused single-spatial mode Gaussian beam of a red-detuned laser can confine
atoms. (b) The beam waist radius and Rayleigh length of 1064-nm optical tweezer are 2.2 µm and 11.7 µm, respectively..
FIG. 5. Experimental setup. The red dash box shows the laser intensity fluctuation feedback loop by controlling the diffraction
efficiency of AOM 1 to stabilize the intensity of the 1064-nm laser. The blue dash box shows the measurement setup of the
trap frequency of optical tweezer. The green dash box shows the single atom cooling and trapping system, the anti-Helmholtz
coils, but the cooling and repumping laser beams of the MOT are not shown here.Polarization-maintaining (PM) fiber; Multi-
mode (MM) fiber; Magneto-optical trap (MOT); Optical-dipole trap (ODT), otherwise the optical tweezer; Optical isolator
(OI); Acousto-optical modulator (AOM); Polarization beam splitter (PBS) cube; Single-photon counting module (SPCM);
Ultra-high vacuum (UHV).
nm optical tweezer are 2.2 ± 0.4 µ m and 1.18 ± 0.21,
respectively. The Rayleigh length ZR is 11.7 µ m.
As shown in Figure 5, the part in the blue box is used
for measuring the trap frequency of the optical tweezer,
which is an important parameter of the optical tweezer.
We use a function generator (Model DG 635 SRS, USA)
to apply modulation signals of different frequencies on
AOM 2 (Model 3110-197, Crystal Technology, USA) to
simulate the intensity fluctuation of the optical tweezer
so that the optical tweezer will run with intensity fluctu-
ation at a specific frequency.
Then, by measuring the transfer efficiency of single
atom between the MOT and the optical tweezer to ob-
serve how the intensity fluctuation of different frequency
acts on single atom trapping lifetime and Figure 6 shows
a typical atomic transfer signal between the MOT and the
optical tweezer. The transfer efficiency gets extremely
low when the modulation frequency is resonant with the
trap frequency and its double frequency of the optical
tweezer.
Figure7 shows the trap frequency and its double fre-
quency on the axial and radial direction. The power of
6FIG. 6. Atomic transfer signal between the MOT and the op-
tical tweezer. The period is 5.5 s, in which the MOT duration
is 4.5 s and the optical tweezer duration is 1.0 s. The MOT
overlaps with the optical tweezer for 25 ms, the single atom
is transferred between the MOT and the optical tweezer.
1064-nm optical tweezer is∼48.5 mW, the optical tweezer
trap’s depth is ∼1.3 mK. The measured axial trap fre-
quency is ∼4.70 kHz, for double frequency is ∼9.00 kHz
(should be 9.40 kHz), its radial trap frequency is ∼41.80
kHz, and the double frequency is ∼80.80 kHz (should
be 83.60 kHz). The deviation between the experimental
FIG. 7. Trap frequency and double frequency of the 1064-nm
optical tweezer. Transfer efficiency goes an apparent decline
when the modulation frequency is resonant or near resonant
to the trap frequency and its double frequency of the optical
tweezer and reaches a minimum at resonance.
value and the theoretical calculation is mainly because
the suppression effect of the laser intensity fluctuation
feedback loop cannot be kept at the same level due to
the long duration of the experimental process.
The photon scattering rate of the optical tweezer with
trapped atoms inside is [24]
ΓSC =
3pic2ω3L
2~ω60
(
Γ
ω20 − ω2L
+
Γ
ω20 + ω
2
L
)2 (9)
where Γ is the spontaneous decay rate of the atomic tran-
sition, ω0 is the atomic transition frequency, and ωL is
the frequency of the optical tweezer. In a 1064-nm optical
tweezer, Cs 6 S1/2 (Fg = 4)- 6 P3/2 (Fe = 5) transition,
the photon scattering rate is ∼8.3 photons/s.
V. SUPPRESSION OF LASER INTENSITY
FLUCTUATION
A. Experimental Principles and Setup
Figure5 shows the scheme of the laser intensity fluctu-
ation control system. The part in the green box is the
single atom capturing and observing system. The opti-
cal fiber’s output beam goes through the collimating lens
and expended to a near-parallel beam with a beam diam-
eter of ∼19 mm. Then the parallel beam passing through
the focusing lens assembly (NA = 0.29), and becomes a
tightly focused beam with a beam wrist of 2.2 µm Gaus-
sian radius. We use the same lens assembly to collect the
fluorescence photons of Cs atoms and steer them into the
SPCM through a multi-mode (MM) fiber.
The part in the red box is the laser intensity fluc-
tuation feedback loop. The first-order diffraction light
of AOM 1 serves as the optical tweezer beam and the
zero-order diffraction light is blocked by a dump. The
first-order diffraction beam goes through the PBS, the
reflected light is utilized for the sampling laser, collected
into the detector (Model 2051, New Focus Inc., USA),
and the laser intensity fluctuation can be charatorized by
using of the detectors output voltage. Then the output
voltage signal enters the proportion integration differenti-
ation (PID) (Model SIM960, SRS, USA) as the reference
signal by which the feedback signal related parameters
(e.g., integral time, etc.). Next, applying the feedback
signal on the driving voltage of AOM 1, we can con-
trol the diffraction efficiency of AOM 1 precisely. When
the optical tweezer laser (the first-order diffracted light
of AOM 1) intensity decreases (or increases), the output
voltage of the sampling detector decreases (or increases)
too. The PID output positive feedback (or negative feed-
back) signal will make the diffraction efficiency of AOM
1increases (or decreases), which means the power of the
first-order diffraction light goes up (or down). Finally, we
can achieve the purpose of suppressing the fluctuation of
laser intensity.
7(a) (b)
FIG. 8. Intensity fluctuation of laser beam in the time domain in the free-running case and the feedback-on case. The laser
intensity fluctuation is suppressed from 3.360% to 0.064%.
FIG. 9. Comparison of the laser intensity fluctuation is in the
frequency domain when feedback loop is on and off. The feed-
back bandwidth is ∼33 kHz. Several noise peaks came from
the external environment and the YDFAs cooling system.
B. Suppression Results of Laser Intensity
Fluctuation
Figure8 and Figure9 show the response of the feedback
loop. The total power of the 1064-nm laser beam is 1.6
W and the sampling power is 4.1 mW. The laser inten-
sity fluctuation in the time domain for the free-running
case and feedback-on case is ∓ 3.360% and ∓ 0.064%,
respectively. The feedback bandwidth ∼is 33 kHz, which
covers the axial trap frequency of optical tweezer and
its double frequency, and is much broader than that in
our previous works [13,17]. There is a strong fluctuation
peak on 19.1 kHz, due to the fluctuation from the ex-
ternal environment. The other four fluctuation peaks on
5.9 kHz and its double frequency (11.8 kHz), triple ef-
ficiency (17.7 kHz) and quadruple frequency (23.6 kHz)
are caused by YDFAs cooling system.
VI. IMPROVEMENT OF ATOM TRAPPING
LIFETIME IN OPTICAL TWEEZERS
In the experiment, the optical power of the 852-nm
cooling laser is ∼105 µW, the optical power of the 894-
nm repumping laser is ∼50 µW, the quadrupole magnetic
field gradient along axial direction is 254 Gauss/cm, and
the optical power of the 1064-nm optical tweezers is ∼50
mW. Firstly, we capture a single atom in the MOT and
adjust the spatial overlap of the MOT and the optical
tweezer. We change the experimental sequence to con-
trol the time overlap of the optical tweezer and the MOT
for 25 ms, which maximizes the atom transfer efficiency
between the MOT and the optical tweezer. Next, we
measure the single atom transfer efficiency under differ-
ent time duration of the optical tweezer. As the duration
of optical tweezer increases, atom transfer efficiency goes
down exponentially. Finally, the single atom trapping
lifetime in the 1064-nm optical tweezer can be obtained
by fitting measured data.
As shown in Figure10, the trapping lifetime of single
atom in the 1064-nm optical tweezer without the feed-
back loop on is 4.04 ± 0.92 s, while the trapping lifetime
is 6.34 pm 0.41 s when the feedback loop is turned on.
We can see that the trapping lifetime of single atom in
the optical tweezers is extended after the suppression of
the laser intensity fluctuation of the optical tweezer.
The typical trapping lifetime here we achieved seems
shorter than that of our previous work [19] because the
background Cs density in the ultra-high vacuum (UHV)
glass cell has increased a lot in this experiment. Now the
trapping lifetime of single atom in the optical tweezer is
mainly limited by the atomic collisions under the typical
pressure of approximately 6 × 10−7 Pa.
8(a) (b)
FIG. 10. Trapping lifetime of atom in 1064-nm optical tweezer when the feedback loop is turned off (a) and on (b). The
trapping lifetime of single atom is extended from 4.04 s to 6.34 s.
VII. CONCLUSIONS
In this paper, we analyzed how the intensity fluctua-
tion of optical tweezers act on the atomic trapping life-
time. We suppressed the intensity fluctuation of the
1064-nm optical tweezer to extend the trapping lifetime
of single atom. The suppression bandwidth will be ex-
tended to cover the trap frequency and its double fre-
quency on the both axial and radial direction. In ad-
dition, the suppression effect of laser intensity fluctu-
ation and the feedback bandwidth can be adjusted to
meet different experimental requirements, which would
provide valuable insights for subsequent experiments of
single atom manipulation and quantum simulation.
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